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Abstract
When CaS04 was treated with a mixture of CO, COz, SOz, and Nz at 1150 "C in thermogravimetric analysis
equipment, various reaction stages were identified, and the final product distribution was found to depend on
the reducing potential (Pco/PcoJ of the gases. At low reducing potentials (_<0.10), the CaS04 was
completely converted to CaO. At moderate reducing potentials (Le., 0.20), CaS04 was converted rapidly to
CaO, which was then converted more slowly to Cas. The rate-controlling mechanisms seemed to differ
markedly for the earlier and final reaction stages.
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Reductive Decomposition of Calcium Sulfate with Carbon Monoxide: 
Reaction Mechanism 
Jae Seung Oh and T. D. Wheelock" 
Chemical Engineering Depar tment  and Iowa S ta t e  Mining and Mineral Resources Research Ins t i tu te ,  
Iowa S ta t e  University,  Ames ,  Iowa 5001 1 
When CaS04 was treated with a mixture of CO, COz, SOz, and Nz at 1150 "C in thermogravimetric 
analysis equipment, various reaction stages were identified, and the final product distribution was 
found to depend on the reducing potential (Pco/PcoJ of the gases. At low reducing potentials (_<0.10), 
the  CaS04 was completely converted t o  CaO. At moderate reducing potentials (Le., 0.20), CaS04 
was converted rapidly to  CaO, which was then converted more slowly to  Cas. The  rate-controlling 
mechanisms seemed to  differ markedly for the earlier and final reaction stages. 
Calcium sulfate is the most widespread among natural 
sulfates. Calcium sulfate in the form of natural deposits 
of gypsum and anhydrite represents a tremendously large 
potential source of sulfur (Harben and Bates, 1984). 
Calcium sulfate is also produced in large quantities as a 
waste byproduct of the chemical and fertilizer industries 
and of various pollution control systems. While some 
byproduct gypsum from forced oxidation flue gas desul- 
furization systems is being converted into wallboard, the 
supply of waste gypsum greatly exceeds the demand 
(Ellison and Hammer, 1988). In some cases, the disposal 
of waste calcium sulfate has created environmental prob- 
lems, and the correction of such problems can create a 
heavy economic burden. Hence, there are practical in- 
centives for developing new uses for calcium sulfate. One 
of the more tantalizing uses has been for the manufacture 
of sulfuric acid, and calcium sulfate has been utilized to 
a limited extent for this purpose. Present commercial 
methods for the manufacture of sulfuric acid from calcium 
sulfate produce Portland cement as a coproduct (Hull et 
al., 1957; British Sulphur Corp., 1977; Clur, 1988). In these 
methods, calcium sulfate is treated with coke in a rotary 
kiln a t  high temperature to produce sulfur dioxide and 
lime, which are subsequently converted into sulfuric acid 
and cement, respectively. Newer methods have also been 
demonstrated i n  which calcium sulfate is treated with 
reducing gases in a fluidized bed reactor a t  high temper- 
ature to produce sulfur dioxide and lime (Wheelock and 
Morris, 1986; Morris et al., 1987; Kuehle and Knoesel, 1988; 
Gruncharov et al., 1988). 
In spite of extensive process development, the chemical 
reaction mechanism for calcium sulfate decomposition in 
the presence of gaseous reducing agents is not well un- 
derstood. Therefore, the present study was undertaken 
to shed additional light on this subject. 
Samples of calcium sulfate were treated with gas mix- 
tures containing carbon monoxide at high temperature in 
conventional thermogravimetric analysis (TGA) equip- 
ment, which made it possible to follow the progress of the 
reaction by monitoring the change in sample weight. The 
partly reacted solids were withdrawn from the reaction 
system at various stages of the reaction and analyzed by 
quantitative X-ray diffraction and scanning electron mi- 
croscopy. In the presence of both carbon monoxide and 
sulfur dioxide, calcium sulfate was converted to either 
calcium oxide or calcium sulfide depending on the reducing 
potential of the system. To explain the appearance of 
calcium sulfide, samples of pure calcium oxide were reacted 
with gas mixtures containing carbon monoxide and sulfur 
dioxide. Results which indicate the nature of the reaction 
mechanism are reported in this paper. An analysis of the 
reaction kinetics by application of an appropriate model 
0888-5885/90/2629-0544~02.50/0 c 1990 American Chemical Society 
Ind. Eng. Chem. Res., Vol. 29, No. 4, 1990 545 
lo", will be presented in a future paper. 
Review of the Literature 
In present commercial practice (Hull et al., 1957; British 
Sulphur Corp., 1977; Clur, 1988), calcium sulfate is reacted 
with coke in a rotary kiln where the following sequence of 
reactions takes place in successive zones of the kiln: 
CaSO, + 2C - Cas  + 2C02 (1) 
Cas  i- 3CaS0, 4Ca0 + 4 s 0 2  (2) 
The calcium oxide produced by reaction 2 is subsequently 
reacted with silica and alumina at  approximately 1400 "C 
to form cement clinker. 
In one of the more significant studies of the reaction 
mechanism involved in the rotary kiln process, the pre- 
ceding sequence of reactions was verified by reacting 
mixtures of calcium sulfate and various carbonaceous 
materials at  constant temperatures in the range 900-1100 
"C (Turkdogan and Vinters, 1976). As indicated, calcium 
sulfide was formed as an intermediate. With the more 
reactive carbonaceous materials, the product distribution 
was controlled by the initial carbon to calcium sulfate ratio, 
which indicated that the second reaction was the slower 
of the two reactions and, therefore, the rate-controlling 
step. Since solid-solid reactions are inherently slow, it was 
postulated that both reactions proceed through gaseous 
intermediates. Thus, it was suggested that reaction 1 
proceeds by means of the gaseous intermediates carbon 
dioxide and carbon monoxide as indicated below. 
(3) 
(4) 
In this sequence of steps, reaction 3 seemed to be the 
rate-controlling step since the rate of reaction 1 was con- 
trolled by the reactivity of the carbonaceous material. Also 
it was suggested that reaction 2 proceeds by way of the 
gaseous intermediate species SO3 formed by dissociation 
of the sulfate. In a subsequent study (Chen and Yang, 
1979), further experimental evidence was presented to 
show that reaction 2 involves the following mechanism: 
CaS04 - CaO + SO, (5) 
Cas  + 3S03 - CaO + 4so2 (6) 
In several newer processes (Wheelock and Morris, 1986; 
Morris et al., 1987; Kuehle and Knoesel, 1988; Gruncharov 
et al., 1988) which are under development, calcium sulfate 
is treated with reducing gases in a fluidized bed reactor 
under conditions that promote reactions such as reaction 
7 while suppressing calcium sulfide forming reactions such 
(7) 
as reaction 4. These reactions can be controlled through 
the reducing potential of the gas phase as represented by 
the ratio of partial pressures Pco/Pc . Equilibrium values 
of the reducing potential are plotte% for each reaction in 
Figure 1. These values are based on the following equi- 
librium constants, which were evaluated from published 
thermodynamic data (Skopp et  al., 1969): 
c + coz - 2co 
CaSO, + 4CO - Cas + 4C02 
CaSO, + CO - CaO + COz + SOz 
P C O 2 ~ S O 2  
pco 
K ,  = -
Unit activity was assumed for each of the solid phases. For 
either reaction 4 or reaction 7 to proceed, the reducing 
I O ~ / T ( O K )  
Figure 1. Equilibrium values of the reducing potential for reactions 
4 and 7 .  
potential must be greater than that indicated by Figure 
1. It can be seen that if the sulfur dioxide concentration 
of the gas phase is limited to 10 mol '30, the equilibrium 
reducing potential for reaction 7 will be less than that for 
reaction 4 as long as the temperature of the system is 
greater than 1270 K. Therefore, above 1270 K it is ther- 
modynamically feasible for reaction 7 to take place while 
reaction 4 is suppressed by maintaining the reducing po- 
tential between the equilibrium limits for the respective 
reactions. Conversely, below 1270 K it is thermodynam- 
ically feasible for reaction 4 to occur while reaction 7 is 
suppressed. In the presence of smaller concentrations of 
sulfur dioxide, the crossover temperature is lower. 
In practice (Wheelock and Boylan, 1960), it was found 
that at 1470 K reaction 7 was favored while reaction 4 was 
largely suppressed as long as the reducing potential was 
kept below 0.20. This value of the reducing potential is 
considerably greater than the equilibrium value of 0.027 
for reaction 4 indicated by Figure 1. The difference be- 
tween the theoretical and actual limits could have been 
due to the presence of solid-phase solutions (Turkdogan 
et al., 19741, to inaccurate Gibbs free-energy data, or to 
reaction kinetics. 
In a preliminary study (Wheelock and Boylan, 1960) of 
the kinetics of reaction 7, calcium sulfate was treated at  
1420-1540 K with gas mixtures containing small concen- 
trations (i.e., 1-15 mol %) of carbon monoxide and sulfur 
dioxide and larger concentrations (i.e., 10-30 mol '30) of 
carbon dioxide. The kinetics were characterized by an 
initial induction period in which the rate of reaction was 
slow followed by a period of rapid reaction. During either 
period, the rate of reaction was proportional to carbon 
monoxide concentration. The rate of reaction following 
the induction period also appeared to be limited by the 
rate of gas diffusion. When the temperature was varied, 
the rate of reaction peaked at  about 1500 K. The rate 
declined at  higher temperature because of severe sintering 
and pore closure. Thus, the surface of particles treated 
at  1540 K had a glassy appearance. 
Further analysis of the preceding results and of addi- 
tional gas adsorption data led Robbins (1966) to postulate 
a plausible reaction mechanism for the reductive decom- 
position of calcium sulfate. This mechanism involves re- 
action of nonadsorbed carbon monoxide with calcium 
sulfate to produce an unstable intermediate (reaction 10) 
followed by desorption of carbon dioxide (reaction 11) and 
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then desorption of sulfur dioxide (reaction 12). The de- 
(10) 
(11) 
(12 )  
sorption of sulfur dioxide and the rate of' nucleation of 
calcium oxide were believed to control the initial rate of 
reaction during the induction period. Robbins (1966) also 
suggested a reaction mechanism to account for the for- 
mation of calcium sulfide, which consisted of reactions 10 
and 11 followed by reactions 13 and 14. 
CaO-SO, + 2CO - Ca0.S + 2C0,  (13) 
Ca0.S + CO - Cas  + C 0 2  (14) 
A similar but less detailed mechanism was proposed by 
Pechkovskii and Ketov (1961) to explain the reductive 
decomposition of calcium sulfate. This mechanism in- 
volves calcium sulfite as an intermediate and consists of 
reactions 15 and 16. 
CaSO, + CO - CaSO, + C 0 2  (15) 
CaSO, - CaO + SO2 (16) 
The following additional steps were proposed to account 
(17) 
(18) 
CaS0, + CO - Ca0.S02.C02 
CaO-S02C02 - Ca0.S02 + C O L  
CaO-SO, - CaO + SO2 
for the formation of calcium sulfide: 
so:, + 2CO - '/zs2 + 2c02 
CaO + 3/S2 - Cas  + '/2S02 
Experimental Method 
For investigating the calcium sulfate reductive decom- 
position mechanism, pellets were prepared from reagent- 
grade powdered gypsum (CaS04.2H20) obtained from 
Fisher Scientific Company. The mean particle diameter 
of the powder was 50 Fm as determined with a Microtrac 
particle size analyzer. The pellets were formed in a dou- 
ble-acting stainless steel die by application of a pressure 
of 4.14 X lo5 kN/m2 by means of a hand-operated hy- 
draulic press. No binding material nor die lubricant was 
used. Relatively thin disk-shaped pellets having a diameter 
of 6.4 mm and thickness of 1.6 mm were used for most 
experiments, but some cylindrical pellets having a diameter 
of 6.4 mm and thickness of 7.1 mm were also employed. 
The smaller pellets weighed about 90 mg each, whereas 
the larger ones weighed about 400 mg each. There was 
some variation in pellet mass because it proved difficult 
to make each pellet weigh the same. The initial porosity 
of the pellets was 0.22 based on an assumed particle den- 
sity of 2.32 g/cm3 for gypsum. 
For studying the sulfidation of calcium oxide, disk- 
shaped pellets of reagent grade calcium oxide were pre- 
pared by a similar technique. Each pellet weighed about 
90 mg initially and had a diameter of 6.4 mm, thickness 
of 1.6 mm, and porosity of' 0.47 based on an assumed 
particle density of 3.32 g/cm3. 
Individual pellets were reacted in conventional ther- 
mogravimetric equipment shown in Figure 2. A single 
pellet was suspended in a quartz basket from one arm of 
a Cahn Model 2000 electrobalance, which could weigh 
accurately within 1 pg. The electrobalance was calibrated 
before each experiment. The basket was located in a tu- 
bular quartz reactor having a diameter of 25 mm. The 
reactor was fitted with a thermocouple and surrounded by 
a temperature-controlled electric furnace. During opera- 
tion the reactor was supplied with a mixture of gases 
produced by combining various pure component gases 
which were metered separately by calibrated rotameters. 
ELECTROEALANCE 
AND RECORDER 
POTENTIOMETER w 
FURNACE 
7 - - -  
SUPPLY 
CONTROLLER 
QUARTZ 
REACTOR 
TUBE THERMOCOUPLE 
QUARTZHOOK M 
, 
L - _ _ _ _ _ _ _ _  J QUARTZ BASKET ' 1  i 
i/ OUARTZ THERMOWELL 
GASES- 
OUT 
Figure 2. Schematic diagram of thermogravimetric analysis appa- 
ratus (TGA).  
In addition, nitrogen gas was supplied to the balance bell 
jar at a rate of 0.3 L/min to protect the balance mecha- 
nism. 
Before introducing a pellet of calcium sulfate, the tem- 
perature of the system was stabilized while passing a 
mixture of nitrogen, carbon dioxide, and sulfur dioxide 
through the reactor. A pellet was subsequently introduced, 
and immediately carbon monoxide was added to the gas 
mixture, which started the reaction. As the reaction 
proceeded, the pellet weight and reactor temperature were 
measured and recorded continuously. During any given 
run, the gas composition and flow rate were kept constant, 
as was also the temperature. In all of the runs reported 
here, a reactor temperature of 1150 "C and total gas flow 
rate of 2.0 L/min (measured a t  1 atm and 25 "C) were 
employed. The accuracy of temperature measurement was 
*4 "C. A t  the end of a run, the gas flow was interrupted, 
and the pellet was quickly recovered and stored in a de- 
siccator for subsequent analysis. Some runs were contin- 
ued until the rate of weight change was negligible, whereas 
other runs were stopped after strategic intervals to de- 
termine the product composition. 
The composition of partially reacted pellets was deter- 
mined by X-ray powder diffraction using a Siemens D500 
diffractometer and copper Ka radiation over a 2 8 range 
of 10-70". For quantitative analysis, a-aluminum oxide 
was added as an internal standard to the ground samples. 
Some of the reacted pellets were also studied by scanning 
electron microscopy and X-ray microanalysis. For this 
work, the pellets were embedded in epoxy resin and 
cross-sectioned. The polished cross section was coated with 
silver and examined with a JEOL Model JSM-U3 scanning 
electron microscope. At the same time, an area map 
showing the sulfur distribution was obtained by using a 
Tracor Northern 2000 energy-dispersive X-ray spectrom- 
eter. 
Results and Discussion 
A number of runs were made with the thermogravi- 
metric appratus in which calcium sulfate was reacted with 
carbon monoxide under various conditions. Typical results 
are presented in Figure 3 for two runs in which the re- 
ducing potential (Pco/Pco,) was moderately large so that 
either reaction 4 or reaction 7 could take place from the 
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Table I .  Results of Reacting CaSOl Pellets for Various Time Periods at 1150 “C with a Gas Containing 5% CO, 20% COz, 5% 
SO9, and 70% N2 
- 
product composition, mol 70 
run pellet shape time, min reaction stage CaS04 CaO C a s  
R34 disk 2.5 induction period 86 
R33 disk 8 acceleratory period 72 
R31 disk 30 end of decay period 1 
R23 disk 72 end of weight gain 3 
R22 cylinder 52 end of decay period 5 
R27 cylinder 12 induction period 84 
R26 cylinder 22 acceleratory period 64 
R21 cylinder 140 end of weight gain 
14 
28 
66 33 
16 80 
16 
36 
77 18 
35 65 
Table 11. Results of Reacting Disk-Shaped Pellets of CaSO, beyond the Decay Period at 1150 “C under Various Conditions 
gas composition: mol % product composition, mol % 
run CO C02 SO2 pco/pco, 
R12 1 20 5 0.05 
s11  
R23 
R13 
co1  
s11 
C05 
C03 
SO7 
SO8 
s11 
SO9 
S14 
2 
5 
7 
2 
2 
2 
2 
2 
2 
2 
2 
2 
20 
20 
20 
10 
20 
30 
50 
20 
20 
20 
20 
20 
5 
5 
5 
5 
5 
5 
5 
1 
3 
5 
7 
10 
0.10 
0.25 
0.35 
0.20 
0.10 
0.067 
0.04 
0.10 
0.10 
0.10 
0.10 
0.10 
OThe remainder was N2. 
standpoint of thermodynamic equilibrium. The changes 
in pellet weight reflected different stages of reaction. At 
first each pellet lost weight slowly during an induction 
period. The length of this period was considerably longer 
with 5 mol % carbon monoxide than with 7 mol % . This 
stage was followed by an acceleratory period in which the 
rate of weight loss speeded up and reached a maximum 
value. This was followed by a transition region where the 
rate of weight loss was nearly constant and then a decay 
period where the rate declined to zero. Through these 
stages of reaction, the changes in sample weight fit the 
general pattern described by Young (1966) for the decom- 
position of solid materials. However, there ensued a period 
of slow weight gain that did not fit the general pattern and 
will be explained below. When sulfur dioxide was excluded 
from the gas stream supplied to the reactor, the induction 
period was largely eliminated and the reaction seemed to 
enter the acceleratory stage almost immediately. 
Except for a marked difference in the length of the 
induction period and a vertical displacement due to the 
initial difference in pellet weight, the two curves in Figure 
3 were rather similar. During the acceleratory and weight 
gain stages, the rate of reaction appeared slightly greater 
with 7 mol 70 than 5 mol % carbon monoxide. Hence, the 
increase in carbon monoxide concentration seemed to in- 
crease the rate of reaction while not changing the basic 
reaction mechanism. This tendency was supported further 
by results obtained with 2 mol 70 carbon monoxide, which 
are not shown. 
A series of shorter runs was subsequently carried out 
with both disk-shaped and cylindrical pellets to determine 
the product composition at different stages of reaction, and 
the results are listed in Table I and also shown in Figure 
4. The reaction conditions were similar to those employed 
in run R23, which is illustrated in Figure 3. The results 
of the shorter runs showed that calcium sulfate was con- 
verted solely to calcium oxide during the earlier stages of 
reaction, but by the end of the decay period, some calcium 
sulfide appeared in the product. The calcium sulfide 
time, min CaSO, CaO C a s  
210 100 
123 
72 
54 
88 
123 
123 
155 
67 
119 
123 
134 
150 
98 
16 80 
93 
26 73 
98 
100 
100 
100 
100 
98 
98 
90 2 
1 150°C 
2O%CO, ,5%S02 
Induction disk pellet 
period E i 
7%CO(R131 
/ Weight 
Decoy gain 
period 
0 20 40 60 00 
Reociion time, min 
Figure 3. Typical results of thermogravimetric analysis (TGA). 
CUO 
c 
Disk 
o Cylinder 
C 0 6 ,  Cas 
Figure 4. Reaction path based on data from Table I. 
CaSO, f 4 co - cas + 4 co, 
content of the product increased further during the weight 
gain period. While the product distribution was similar 
for both types of pellets, the larger cylindrical pellets re- 
acted more slowly than the smaller disk-shaped pellets. 
To  establish the critical reducing potential which de- 
termined whether or not calcium sulfate would be con- 
verted to calcium sulfide, several runs were conducted with 
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20 - 5% so, 
'0 30 60 90 120 150 
REACTION TIME, mm. 
Figure 5. Effect of preheating on the induction period. 
gas mixtures containing various concentrations of CO, C02, 
SO2, and N2. The runs were continued beyond the decay 
period, and the product was analyzed by X-ray powder 
diffraction. The results listed in Table I1 showed, that for 
a reducing potential of 0.10 or less, calcium sulfate was 
converted almost completely to calcium oxide, whereas for 
a reducing potential greater than 0.10, calcium sulfate was 
largely converted to calcium sulfide. Moreover, the con- 
version to calcium sulfide increased as the reducing po- 
tential increased. The concentration of sulfur dioxide 
seemed to have little effect except a t  the highest concen- 
tration employed (10 mol %), where it seemed to suppress 
slightly the conversion of calcium sulfate to calcium oxide. 
To study the nature of the induction period, several runs 
were made in which calcium sulfate pellets were first 
preheated a t  1150 "C for 40 min in a gas mixture con- 
taining 5 mol 70 SO2 and 95 mol % N2. This mixture 
inhibited the decomposition of calcium sulfate since nei- 
ther the chemical composition nor the weight of the pellets 
changed significantly during preheating. However, as soon 
as carbon monoxide and carbon dioxide were added to the 
gas mixture, the pellets immediately experienced a rapid 
weight loss with little or no induction period. The solid 
material seemed to undergo some critical change during 
preheating, which was similar to that which transpired 
during the induction period. The results of such a run are 
compared with those of a run made in the normal manner 
in Figure 5. A likely possibility is that some calcium oxide 
nuclei were formed by thermal decomposition of calcium 
sulfate during preheating. In the presence of carbon 
monoxide, calcium oxide nuclei could be produced either 
by thermal decomposition or by reactions W12.  Robbins 
(1966) had proposed that the rate of reaction during the 
induction period was controlled by the rate of nucleation 
of calcium oxide. Beyond the induction period, the rate 
would be controlled by some other step in the mechanism. 
As far as could be determined by either X-ray diffraction 
(XRD) analysis or electron spectroscopy for chemical 
analysis (ESCA), the only solid product formed during the 
induction period was calcium' oxide. XRD analysis was 
applied to the products of several runs (Table I), whereas 
ESCA was applied only to the product of a single run made 
a t  1150 "C with the following gas composition: 1 mol % 
CO, 20 mol % C 0 2 ,  5 mol % SO2, and 74 mol % N2. 
The induction period did not appear to be the direct 
result of particle sintering which took place very rapidly 
at  1150 "C. Thus, when a calcium sulfate pellet was heated 
in 5 mol % SO2 and 95% mol % N2 at  1150 "C for only 
5 min, the surface area determined by the BET method 
dropped from 21.5 to 0.25 m2/g. The drop in area is be- 
lieved to be due to the coalescence of micrograins into 
larger aggregates within the pressed pellets, resulting in 
a corresponding decrease in pore surface area. Since 
continued heating a t  1150 "C had little additional effect 
Figure 6. Electron micrographs of gypsum (a) unreacted (X15.75) 
(b) unreacted (X390.6) and (c) reacted for 2.5 min (X390.6) and 
sulfur area maps (X15.75) of gypsum reacted for (d) 2.5 min, (e) 30 
min, and (f) 72 min. 
on the surface area, sintering did not seem to be respon- 
sible for the induction period, which lasted for up to 60 
min depending on the reducing potential of the gas phase. 
The induction period decreased as the reducing potential 
increased. 
It seems very unlikely that the large increase in rate of 
reaction following the induction period was due to sintering 
and a reduction in the pore surface area. A more likely 
possibility is that by the end of the induction period the 
pellet structure was seeded with numerous product crystal 
nuclei, which subsequently served as starting points for 
further reaction. Product crystals could have grown out- 
ward from these nuclei during the acceleratory and rapid 
reaction rate periods. This type of mechanism has been 
observed for other chemical reactions involving the 
transformation of one crystal structure into another 
(Young, 1966). 
While a decrease in the rate of reaction of calcium sulfate 
with carbon monoxide was previously associated with se- 
vere sintering a t  1260 "C (Wheelock and Boylan, 1960), 
the milder sintering which took place in the present in- 
vestigation a t  1150 "C did not result in pore closure and 
interruption of the reaction. I t  is well-known that mild 
sintering of materials composed of grains which vary in 
size can coalesce the smaller grains into larger grains and 
increase the macroporosity a t  the expense of the micro- 
porosity (Borgwardt, 1989; Lange, 1984). Therefore, sin- 
tering does not necessarily result in a loss in reactivity of 
a solid. 
Further insight was achieved by applying scanning 
electron microscopy and X-ray microanalysis to unreacted 
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Table 111. Results of Reacting Disk-Shaped CaO Pellets at 1150 "C under Various Conditions 
gas composition," mol 70 product composition, mol 70 
run CO COP SOP pcoipco, time, min CaO CaS04 C a s  
001 2 20 5 0.10 
004 2 20 10 0.10 
005 2 50 5 0.04 
0 0 3  5 20 5 0.25 
008 7 20 5 0.35 
The remainder was NP. 
and incompletely reacted pellets. Figure 6a shows the 
entire cross section of an unreacted disk-shap?d pellet, 
whereas Figure 6b is a highly magnified image of the 
central region. These micrographs show that an unreacted 
pellet was composed of numerous small particles which in 
turn were composed of tiny grains. The particles were 
aligned in a direction normal to the pressure applied in 
forming the pellet. During the reaction, larger pores de- 
veloped in this direction. 
For observing changes in composition and structure, 
different pellets were reacted under the same conditions 
and for the same time periods as those listed in Table I 
before examining them by scanning electron microscopy 
and X-ray microanalysis. After a pellet had been reacted 
for 2.5 min, its structure was altered noticeably (Figure 6c). 
Individual particles appeared fused together because of 
sintering, and the map of all sulfur species in Figure 6d 
indicated a uniform sulfur distribution even though a 
significant conversion of calcium sulfate to calcium oxide 
should have taken place, assuming that the pellet would 
have experienced the same conversion as that of another 
pellet analyzed by X-ray diffraction (Table I). Still another 
pellet which had been reacted for 8 min also displayed a 
uniform sulfur distribution similar to that shown in Figure 
6d. Therefore, it appeared that the conversion of calcium 
sulfate to calcium oxide took place simultaneously 
throughout the pellet, which indicates that intra-pellet 
diffusion was not the rate-controlling step in the earlier 
stages of reaction. 
After a pellet had been reacted for 30 min, the sulfur 
was found mainly in a narrow band near each of the outer 
edges of the pellet (Figure 6e). The sulfur must have been 
present largely as calcium sulfide according to the results 
shown in Table I for another pellet reacted under similar 
conditions. Furthermore, after a pellet had been reacted 
for 72 min, the outer bands in which sulfur was concen- 
trated were considerably thicker (Figure 60. These bands 
had to reflect the increased calcium sulfide content of the 
material as shown in Table I. Closer examination of the 
pellet revealed that sulfur also tended to concentrate 
around the larger pores in the pellet. Since the bands of 
calcium sulfide increased in thickness with increasing re- 
action time, it appeared that the kinetics of the sulfidation 
reaction could be represented by a shrinking unreacted- 
core model for a gas-solid reaction. Consequently, the 
sulfidation mechanism appeared to differ from the re- 
ductive decomposition mechanism. 
The preceding results indicate that under the given 
conditions of reaction calcium sulfate was first converted 
to calcium oxide, which then was converted to calcium 
sulfide. At least this seemed to be the principal reaction 
pathway, but the evidence does not completely exclude the 
possibility that some calcium sulfate may have been con- 
verted directly to calcium sulfide during the decay period. 
However, there was no indication that calcium sulfide was 
an intermediate in the conversion of calcium sulfate to 
calcium oxide. Therefore, the reaction path seemed to be 
as shown in Figure 4, which was developed by plotting the 
13 97 3 
25 98 2 
25 100 
112 10 90 
24 50 1 49 
product composition data from Table I. I t  is anticipated 
that an increase in reducing potential would move the path 
away from the CaO apex, whereas a decrease in reducing 
potential would move the path closer to this apex. 
The principal reaction mechanism for the conversion of 
calcium sulfate to calcium oxide seemed to be generally 
in accordance with the mechanisms proposed by Robbins 
(1966) and Pechkovskii and Ketov (1961). However, it was 
not possible to distinguish between these mechanisms 
because the intermediate products were unstable and 
difficult to detect by the available means. On the other 
hand, the Robbins mechanism did provide a means of 
accounting for the induction period. 
To show that calcium oxide was readily converted to 
calcium sulfide by a reducing gas mixture containing sulfur 
dioxide, several runs were made in which pure calcium 
oxide pellets were treated with various gas mixtures a t  1150 
"C (Table 111). While very little reaction occurred when 
the reducing potential was 0.10 or less, the calcium oxide 
was largely converted to calcium sulfide when the reducing 
potential was 0.25 or greater. The overall reaction which 
seemed to take place is indicated below. 
(19) 
The reaction mechanism may have involved adsorption of 
sulfur dioxide on calcium oxide followed by reactions 13 
and 14 as suggested by Robbins (1966), or it may have 
involved reactions 17 and 18 as proposed by Pechkovskii 
and Ketov (1961). 
Conclusions 
The reaction of calcium sulfate a t  1150 "C with gas 
mixtures containing carbon monoxide, carbon dioxide, and 
sulfur dioxide is controlled by the reducing potential 
(Pco/PCOZ). If the reducing potential is 0.10 or less and 
given enough time, calcium sulfate will be converted com- 
pletely to calcium oxide in accordance with reaction 7. 
With moderate reducing potentials (e.g., 0.20), calcium 
sulfate will first be converted rapidly to calcium oxide, 
which then will be converted more slowly to calcium sul- 
fide. With higher reducing potentials (e.g., 0.35), calcium 
sulfate will be converted largely to calcium sulfide by a 
similar process but a t  a more rapid rate than with mod- 
erate reducing potentials. Experimental evidence indicated 
that calcium oxide is an intermediate in the conversion of 
calcium sulfate to calcium sulfide for the reaction condi- 
tions employed, whereas there was no evidence that cal- 
cium sulfide is an intermediate in the conversion of calcium 
sulfate to calcium oxide as has been observed while using 
carbon as a reducing agent. The conversion of calcium 
sulfate to calcium oxide could have taken place by either 
the reaction mechanism proposed by Robbins (1966) or the 
one proposed by Pechkovskii and Ketov (1961). However, 
the Robbins mechanism has the advantage of accounting 
for the slow rate of reaction during the induction period; 
Le., the rate is controlled by the desorption of sulfur di- 
oxide and the rate of nucleation of calcium oxide. Other 
solid-phase reactions are known to exhibit induction pe- 
CaO + SOz + 3CO - CaS + 3C02 
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riods controlled by similar mechanisms (Young, 1966). 
Under a moderate reducing potential, the conversion of 
calcium sulfate to calcium oxide seemed to take place 
simultaneously throughout a reacting pellet during the 
earlier stages of reaction. This indicates that intra-pellet 
diffusion was not controlling the overall rate of reaction. 
However, during the final stage when calcium oxide was 
converted to calcium sulfide, the reaction appeared to start 
at the surface of the pellet and move inward gradually, 
producing a thickening layer of product. This result 
suggests that the rate-controlling steps differ markedly for 
the earlier and final stages. 
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Effect of Initial pH Value on Coke Formation of Nickel-Alumina 
Catalysts in Catalytic Cracking of n -Hexane 
Ienwhei Chen* and Fan-Lun Chen 
Depar tment  o f  Chemical Engineering, Ta tung  Ins t i tu te  o f  Technology, Taipei,  Taiwan,  ROC 
Alumina-supported nickel catalysts have been prepared by controlling the initial pH level of Ni(N0J2 
solution prior to  impregnation. The various pH levels used were p H  3, 5, 6, and 8.3. Studies were 
carried out by performing catalytic cracking of n-hexane in a fixed bed reactor at 733 K and at- 
mospheric pressure. The characterization of prepared catalysts and the carbon content of used ones 
were analyzed by using X-ray diffraction (XRD), temperature-programmed desorption (TPD), 
temperature-programmed hydrogenation of the carbon deposit (TPH), and chemical analysis for 
carbon. The  results showed that  the catalyst prepared at pH 3 had the best resistivity to  coke 
formation. The tendency of the coke formation rates of nickel-alumina catalysts for the initial pH 
values of the preparation of catalysts is in good agreement with the tendency of the peak temperature 
of the T P D  spectra of these catalysts, which decreases in the p H  order 6 > 8.3 > 5 > 3. 
Supported nickel catalysts find widespread application 
in many important industrial processes such as hydro- 
genation of unsaturated organics, steam reforming, and 
methanation of synthesis gas (Mustard and Bartholomew, 
1981). Three of the most important aspects of the practical 
use of a heterogeneous catalyst are its activity, selectivity, 
0888-5885/90/2629-0550$02.50/0 
and stability. In many processes, catalyst deactivation is 
originated by two or more simultaneous causes such as 
fouling by coke; poisoning by metals, sulfur, or nitrogen 
compounds; sintering; and loss of active matter (Corella 
and Monzon, 1988). For example, deactivation of the 
catalyst through the settling of carbonaceous residues poses 
C 1990 American Chemical Society 
